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We present the first x-ray scattering measurements of the state of compression and heating in
laser irradiated solid beryllium. The scattered spectra at two different angles show Compton and
plasmon features indicating a dense Fermi-degenerate plasma state with a Fermi energy above 30 eV
and with temperatures in the range of 10 eV to 15 eV. These measurements indicate compression by
a factor of three in agreement with Hugoniot data and detailed radiation hydrodynamic modeling.

PACS numbers: PACS numbers: 52.25.Os, 52.35.Fp, 52.50.Jm
Keywords:

Measurements of the conditions of compressed matter
comprise a key scientific activity important for the inves-
tigation of many physical and chemical phenomena. At
pressures above 1 Mbar, high energy density physics con-
ditions are accessed where phase transitions [1], quantum
fluids [2], and conditions of Jovian planets [3] have been
studied. Higher pressure conditions above 100 Mbar have
been predicted for inertial confinement fusion (ICF) ex-
periments [4, 5], where powerful laser or particle beams
will be used to heat and compress matter to approach
densities of 1000 g/cc. In these regimes, direct and accu-
rate measurements of thermodynamic and physical prop-
erties are of great interest to test dense plasma modeling
and to address fundamental physics questions such as the
equation of state and the structure of dense matter.

Powerful laser-produced x-ray sources have been de-
veloped for probing dense matter. They produce quasi
mono-energetic line radiation capable of penetrating
through dense and compressed materials at solid den-
sity and above [6, 7]. Both thermal Ly−α and He−α
line radiation from nanosecond laser plasmas or ultra
short pulse laser-produced K−α inner-shell emission have
been applied for backlighting [8] and dynamic diffraction
[9, 10] experiments. These laser-produced sources have
been shown to fulfill the stringent requirements on pho-
ton numbers and bandwidth for spectrally resolved x-ray
scattering measurements in single shot experiments [11–
13]. This development has enabled quantitative in situ
measurements of densities and temperatures with x-ray
Thomson scattering measurements [14].

In the first inelastic x-ray scattering measurements on
dense plasmas, non-collective backscattering has been
performed on isochorically heated solid beryllium targets
[14]. These experiments demonstrated accurate temper-
ature measurements from the spectral broadening of the
Compton scattering feature that yields the electron ve-

locity distribution. More recent experiments in forward
scatter geometry have observed collective plasmon fea-
tures from electron density (Langmuir) oscillations yield-
ing the electron density via the plasmon dispersion rela-
tion [15]. Recent applications of x-ray scattering tech-
niques to probe shocked matter have succeeded in infer-
ring dense matter properties from observations of bound-
free transitions [16–18], and the strength of the elastic
scattering component [19, 20].

In this letter, we present the first observations of in-
elastic Compton and plasmon scattering spectra from
shock-compressed dense matter. Flat solid-density beryl-
lium targets have been directly irradiated with a set of
laser beams launching a strong shock wave that heats
and compresses the target at pressures in the range of
20 Mbar < P < 35 Mbar [16]. A second set of laser
beams is delayed in time to produce 6.2 keV x rays that
are scattered by the dense beryllium plasma as the shock
traverses the target. This experiment accesses the non-
collective and the collective scattering regime by observ-
ing the scattered radiation at two different scattering an-
gles.

We find that the shock wave compression results in a
Fermi-degenerate plasma where the non-collective spec-
tra show a parabolic inelastic Compton scattering feature
characteristic of a Fermi electron velocity distribution;
the width directly provides a measure of the electron den-
sity and thus the Fermi energy. Moreover, the intensity
ratio of elastic (Rayleigh) to inelastic (Compton) scatter-
ing allows the ion temperature to be inferred [21, 22] indi-
cating a high degree of degeneracy when assuming equili-
bration between electrons and ions in these high-density
nanosecond laser experiments. These findings agree with
measurements performed in forward scattering that show
collective plasmon oscillations. The plasmon frequency
shift directly yields the electron density [23]; the elec-
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tron temperature is estimated from thermal corrections
to the plasmon dispersion and damping. These findings
agree with radiation-hydrodynamic modeling using the
code Lasnex [24] indicating that x-ray Thomson scat-
tering is a viable and accurate technique for providing
critical experimental tests of basic concepts and assump-
tions of quantum statistical physics.
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FIG. 1: (a) Schematic of the experiment showing twelve
heater beams that compress the Be foil and twelve delayed
probe beams that produce E = 6.2 keV x-rays. X-ray scat-
tering spectra are observed in the downward direction with a
gated crystal spectrometer. (b) A time-integrated x-ray im-
age for E > 2 keV shows the emission produced by heater
and probe beams. (c) Heater and probe beam intensity on
target for a 3 ns-long drive. Radiation-hydrodynamic calcu-
lations indicate a pressure of 30 Mbar and shock break out at
t = 4.5 ns after beginning of the heater pulse. (d) The probe
beams are delayed to probe conditions close to the time of
shock break out.

Figure (1) shows a schematic of the experiment that
has been performed at the Omega laser facility [25].
Twelve laser beams smoothed with distributed phase
plates (SG-4) overlap in ∼ 1 mm diameter focal spot
and directly illuminate a 250 µm thick beryllium foil,
cf. Fig. (1(a)). Each beam delivers up to about 480 J in
a 1 ns square pulse. They are staggered in time reach-
ing varying pressure conditions with 3-4 ns long con-
stant drive and laser intensities of 1014Wcm−2 < I <
1015Wcm−2, cf. Fig. (1(c)). Radiation-hydrodynamic
calculations indicate that these irradiation conditions

launch a strong shock wave into the solid target com-
pressing the target homogeneously at pressures in the
range of 20-35 Mbar.

At t = 4.5 ns, when the shock has traversed the 250 µm
thick foil, twelve delayed beams produce Mn He-alpha ra-
diation to probe the dense plasma conditions. A 400 µm-
pinhole placed between the Mn and Be foils assures that
only compressed Be has been intersected by the probe x
rays. The calculations indicate that the target is com-
pressed by a factor of 3 with fairly homogeneous electron
density profiles with 7×1023 cm−3 < ne < 8×1023 cm−3

for I = 3× 1014 W cm−2. The scattered photon fraction
is determined by the product neσTS` , with σTS being
the Thomson scattering cross section, and ` the length
of the scattering volume; thus, scattering from the dense
plasma region will dominate the scattering signal.

Figure (2) shows the scattering spectra for 90◦ and 25◦

scattering angle along with the Mn source spectrum. The
measurements have been performed with a graphite crys-
tal spectrometer coupled to a gated microchannelplate
detector and a temporal resolution of 100 ps. In contrast
to x-ray scattering measurements on isochorically heated
beryllium [14], a high-energy x-ray source with incident
energy of E0 > 6 keV is required to penetrate through
compressed matter that is approaching ne = 1024 cm−3.
Although of sufficient x-ray energy, the present source
has the disadvantage of consisting of two spectral fea-
tures comprised by the 6.18 keV Mn He−α line and the
6.15 keV intercombination line with approximately equal
intensity [26], cf. Fig. (2(d)).

The Compton scattering spectrum measured at a scat-
tering angle of θ = 90◦ shows a parabolic spectrum
downshifted in energy from the incident radiation by the
Compton effect; the shift is determined by the Comp-
ton energy EC = ~2k2/2me = 74 eV. Here, k is the
scattering vector with k = 4π(E0/hc) sin(θ/2) = 4.4Å−1

indicating non-collective scattering with a scattering pa-
rameter α = 1/kλS = 0.5 and λS being the screening
length [27]. The Compton scattering spectrum directly
reflects the electron distribution function; for a Fermi-
degenerate system the width of the Compton spectrum
yields the Fermi energy,

EF =
~2

2me
(3π2ne)2/3 . (1)

The fit of the experimental data using the theoretical
form factor of Refs. [27, 28] shows that the width of the
Compton feature is sensitive to the electron density. The
fit takes into account the detailed spectral features of the
Mn source spectrum as well as instrument broadening. In
addition, the small level of continuum radiation observed
after the end of the heater pulse has been subtracted
and corrections due to the spectral response of the spec-
trometer have been included. Figure (2(a)) compares the
data to calculations with varying electron density ranging
from non-compressed Be with ne = 3×1023cm−3 to more
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FIG. 2: (a) X-ray scattering data for 90◦ scattering angle
are shown along with theoretical spectra for various electron
densities. (b) Same as in (a) for various ion temperatures.
(c) X-ray scattering data for 25◦ scattering angle are shown
along with theoretical spectra for various electron densities.
(d) The inset shows the Mn x-ray probe spectrum.

than four-fold compression with ne = 1.2 × 1024cm−3.
Due to the small noise levels, the data determine the
electron density to be ne = 7.5× 1023cm−3 with the cor-
responding Fermi energy of EF = 30 eV with an error
bar of about 7 %.

Relating the Fermi energy with the electron density
via Eq. (1) is motivated by the distribution function in-

ferred from fitting the experimental Compton scattering
data [11]. Bound-free transitions have been included us-
ing hydrogenic wave functions. This contribution results
in a small increase of the width of the inelastic scattering
feature; the main effect is a high energy tail with shifts
> 100 eV as apparent in the data and in the fits. The
ionization state has been set to Z = 2 in agreement with
radiation-hydrodynamic modeling. This value is consis-
tent with the spectral shape of the inelastic scattering
feature and also broadly consistent with previous exper-
iments on isochorically heated Be. The former allows
inferring the charge state with an accuracy of 10-20 %..

The intensity of the elastic scattering feature indicates
a temperature significantly lower than the Fermi energy.
In the present conditions with large scattering vector, the
contribution from electrons in the screening cloud is neg-
ligible, and the strength of the elastic scattering feature is
approaching f2Sii(k, ω) [29]. The ion form factor f(k) is
a measure of the number of bound electrons and Sii(k, ω)
is the ion-ion density correlation function. Thus, with ab-
solute calibration provided by the measured strength of
the inelastic Compton scattering feature and knowledge
of the electron density, Sii(k, ω) is determined absolutely
from the experimental scattering data. Consequently, the
ion temperature can be inferred from the intensity ratio
of elastic to inelastic scattering.

Figure (2 (b)) indicates that this procedure is sensi-
tive to variations in temperature leading to error bar in
the temperature of 10 % for conditions with well-known
structure factors. For the k-vector of Fig. (2 (b)), we
employ the previously tested theory of Ref. [27] leading
to a temperature of T = 13 eV. Densities and tempera-
tures inferred in this way from the non-collective scatter-
ing data are consistent with results obtained in forward
scattering.

Figure (2 (c)) shows the experimental scattering data
measured at 25◦ scattering angle accessing the collective
scattering regime with α = 1.56 and k = 1.36Å−1. In
contrast to non-collective scattering, the broad inelastic
Compton scattering feature is replaced with two small
plasmon features, that are shifted in energy by ∼ 40 eV
from the incident x-ray probe features. In this case, the
frequency shift due to the Compton effect is small of order
7 eV and the frequency shift of the plasmon is determined
by the frequency of plasma (Langmuir) oscillations. The
theoretical fit to the measured spectrum indicates the
same densities and temperatures as obtained for non-
collective scattering; comparing the scattering data with
spectra calculated at various densities indicates that the
frequency shift of the plasmon provides an accurate mea-
sure of the electron density. Conversely, using the elec-
tron density from the 90◦ scattering data, we obtain an
estimate for the electron temperature from the thermal
corrections to the plasmon dispersion with an accuracy of
3 eV. Moreover, the fit shown in Figure (2 (c)) takes into
account damping processes of plasmons by Landau and
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collisional damping [30] as well as the detailed balance
relation indicating that the density and temperatures in-
ferred in this way provide a width and intensity of the
plasmon consistent with the measurements.

Figure (3) shows the experimental Fermi energies cal-
culated using Eq. (1) as function of temperature for vari-
ous laser drive conditions. The experiments demonstrate
a direct measurement of the degeneracy and adiabat in
these single-shocked foils. The direct comparison with
Lasnex simulations that use the Leos equation of state
[31] show excellent agreement with the data. The simula-
tions indicate slightly lower compression than the Hugo-
niot data predicted by Leos by taking into account x-ray
preheat and averaging over the densities in the shocked
region, cf. Fig. (1(d)). However, the data measured at
higher drive agree well with both with Lasnex and Leos.
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FIG. 3: Fermi energies inferred from the measured densities
from the Compton and plasmon scattering data are shown
versus temperature. A high level of degeneracy is found close
to predictions from LASNEX (solid curve) and the Leos data
table (long dashed). Also shown are the trajectory of beryl-
lium in ICF implosion modeling (dashed) together with the
curve EF = T (short dashed).

Also, shown are calculations of the conditions pre-
dicted for ICF experiments during the implosion phase.
These calculation use a beryllium ablator and predict
ignition and gain employing a 1.2 MJ laser drive on the
National Ignition Facility. The present experiment shows
that these conditions are accessible by x-ray Thomson
scattering indicating that a direct measurement of the
degeneracy can be obtained during the assembly of the

thermonuclear fuel.

In summary, we have demonstrated collective and non-
collective x-ray Thomson scattering techniques in shock-
compressed matter conditions. These measurements
have provided accurate data on density and temperature
in close agreement with calculations. This method allows
application to a number of dense matter questions includ-
ing future applications to measure degeneracy and adia-
bat, e.g., in ICF and high energy density physics studies.
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